Background: Human, but not mouse, islet amyloid polypeptide (LAPP) is amyloidogenic. Transgenic mice overexpressing human LAPP in the ,B cells of the islets of Langerhans should be useful in identifying factors important for the deposition of IAPP as insoluble amyloid fibrils. Materials and Methods: Transgenic mice expressing human IAPP were examined using several experimental models for the production of persistent hyperglycemia, as well as for the overstimulation and/or inhibition of (3 cell secretion. Obesity was induced by aurothioglucose. Persistent hyperglycemia was produced by long-term administration of glucocorticosteroids or by partial pancreatectomy. Inhibition of normal (3 cell exocytosis by diazoxide administration, with or without concurrent dexamethasone injections, was carried out to increase crinophagy of secretory granules. The human LAPP gene was also introduced into the db and ob mouse models for
INTRODUCTION
Islet amyloid polypeptide (iAPP) was purified first from an amyloid containing insulinoma (1) and later from the amyloid deposits found in the (8, 9) . ProIAPP is post-translationally processed by removal of the relatively short C-and Nterminal flanking regions. These cleavages occur at dibasic amino acid pairs similar to those found in other prohormones and the biologically active IAPP is C-terminally amidated.
IAPP is most similar in amino acid sequence, overall length, and disulfide bond structure to the calcitonin gene-related peptide (CGRP), a neuroendocrine peptide expressed in the brain and peripheral nervous system. Although the function(s) of IAPP is not well understood, some experiments have shown that high doses cause insulin resistance, acting largely at the level of the skeletal muscle, where it decreases glycogen synthesis (10) , and possibly in the liver by activating glycogen phosphorylase (11) . Studies of auto-or paracrine effects of IAPP on the islet f3 cell have yielded conflicting results. Both inhibition of glucose-stimulated insulin release and increased release of insulin in response to glucose have been reported, depending on the dosage of IAPP administered (12) , the experimental conditions, and possibly the quality of the IAPP preparation used. Although high-affinity binding of IAPP has been found in the brain and some other tissues (13, 14) , a specific IAPP receptor protein has not yet been identified.
Islet amyloid deposits are present in a high percentage of type 2 diabetic patients and, to a minor extent, in older nondiabetic adults (15, 16) . The amount of amyloid deposited varies, sometimes affecting only a few islets, while in other cases, it replaces the major part of the endocrine tissues of the pancreas (17) . The role (if any) for IAPP in the pathogenesis of type 2 diabetes is not established, but the strong association of amyloid deposits in the islets of individuals with type 2 diabetes suggests that it could be a contributing factor. The amyloidogenic properties of the human IAPP molecule seem to be dependent on the amino acid sequence GAILS, at positions [24] [25] [26] [27] [28] of the mature molecule (18) . This sequence has also been found in other species, including cat (19, 20) , raccoon (2 1), monkey (22) , and dog (22) , where IAPP-derived amyloid has been shown to occur in conjunction with conditions resembling human type 2 diabetes or, as in the dog, in association with insulinomas (23) . In the monkey, a similar sequence, GTILS, is also amyloidogenic (22) . Rodents, including mouse, rat (20) , and hamster (24) , which are the most commonly used animals in experimental diabetes research, have IAPP molecules that differ in sequence in this region and do not form ,B sheet fibrils in vitro (18) . IAPP-derived amyloid has not been found in any of these species. Therefore, transgenic mice (over)expressing the human IAPP gene, might provide a useful model for studying the mechanisms leading to amyloid deposition in the islets and the possible role of islet amyloid in the pathogenesis of diabetes. They might also offer insights into unresolved issues, such as to where and why islet amyloid deposits are first formed (for example, is amyloid formation an extracellular event or are amyloid fibrils first formed within the ,B cell and then released into the surrounding extracellular space?).
MATERIAL AND METHODS

Animals
The transgenic hIAPP mouse strain used in this work (L16) has been described elsewhere (25) . It was one of several strains that were produced utilizing a transgene containing a 523-bp segment of the rat insulin 1 gene promoter fused to a 7.7-kb genomic DNA fragment containing the full-length human IAPP gene. In these mice, human IAPP is expressed mainly in the 3 cells of the pancreas, while smaller amounts of IAPP mRNA can also be detected in the brain and anterior pituitary (25) . The plasma levels of IAPP (total) are increased 3-to 5-fold 
Induction of Obesity
To induce obesity (27) , aurothioglucose (Sigma) (30 mg/ml in 0.15 M NaCl) was given as a single intraperitoneal injection. Four hLAPP-transgenic females were given 300 mg/kg and 11 hIAPPtransgenic females and 5 nontransgenic litter mates were given 500 mg/kg. Eleven nontreated females (five transgenic and six nontransgenic) were used as weight controls. All animals were 8-12 weeks old. The body weight was followed and all the animals were sacrificed after 6 months. The blood glucose concentrations were not followed in these animals.
Cortisone Acetate Treatment Eleven transgenic males and 10 nontransgenic litter mates (age [8] [9] [10] [11] [12] weeks) were given 0.20 mg cortisone acetate as a daily injection subcutaneously in the suprascapular region. These animals were sacrificed after three different time intervals: 60 days after a total dose of 12 mg steroid; 170 days after a total dose of 34 mg steroid; or 205 days after a total dose of 41 mg steroid. Blood glucose levels were followed.
Diazoxide Treatment Diazoxide (28,29) (0.8 mg daily) was administered subcutaneously for 5 days to four animals, and the animals were then sacrificed. In a second experiment, dexamethasone (0.125 mg/kg) was given twice a day for 4 days prior to daily injections of diazoxide (1 mg given twice a day) over a period of 23 days to five animals. One group of treated animals was sacrificed immediately, while another two animals were maintained for an additional 50 days without further injections before sacrifice. Only 8-to 12-week-old hIAPP transgenic females were used in this experiment.
Crossbreeding of IAPP Transgenic Mice Human-IAPP-positive males were mated with heterozygous carriers of a diabetic gene, either ob/m+ (30) or db/m+ (31) females. The light brown hIAPP-positive offspring in the first generation were used for further breeding. The offspring in the second generation had either white coat color as the original IAPP transgenic mice or dark brown coat color as the ob/m+ or db/m+ females. The dark brown hIAPP-positive animals were used for further breeding. The pancreata from 17 obese hIAPP/ob and nine obese hIAPP/db animals, age 4-12 months, were fixed in 10% NBF and stained for amyloid with Congo red. Pancreatic tissue was also fixed in 2.5% glutaraldehyde in phosphate buffer and studied by electron microscopy after immunogold labeling with specific IAPP antibodies, as described above.
Isolation and Cultivation of Islets Pancreatic islets were isolated from three hIAPP transgenic mice, three obese hIAPP/db mice, and three obese hIAPP/ob mice. The pancreas was removed from anesthetized animals and cut into small pieces. This material was digested with collagenase P (Boehringer-Mannheim, Indianapolis, IL) (3 mg/ml) in Hank's balanced salt solution (Gibco-BRL, Gaithersburg, MD, U.S.A.) for 10 min at 37°C under constant shaking. Islets were recovered after separation on a Ficoll 400-DL (Sigma Chemical Co., St. Louis, MO, U.S.A.) gradient (32 
RESULTS
Immunohistochemistry and Electron Microscopy of Untreated Animals
As expected, human-specific IAPP antiserum A133 labeled islets in transgenic animals while islets of nontransgenic litter mates were unlabeled. The islets of the transgenic animals showed a somewhat irregular staining intensity. At the electron microscopic level with antiserum A 110, gold particles appeared on ,B-and S-cell granules in both transgenic and non-transgenic animals, while antiserum A133 labeled only 3-cell granules in transgenic animals ( Fig. 1  A-C) . With antiserum Al 10, the labeling of the a cells was as intense as the labeling of the /B cells.
Pancreatectomized Animals
Two of 11 transgenic and three of eight control pancreatectomized mice died before the experiment was completed and pancreatic samples were not saved from them. When the remaining animals were sacrificed after 7 months, the nonfasting blood glucose concentration had increased in both nontransgenic (from 146 ± 4 mg/dl to 234 ± 19 mg/dl; p < 0.01) and transgenic animals (from 146 ± 3 to 226 ± 10; p < 0.001). No significant differences in blood glucose levels were evident between the transgenic and control mice. The islets were markedly enlarged in both transgenic and nontransgenic pancreatectomized animals compared with nonpancreatectomized litter mates (3352 ± 634 and 1161 ± 108 arbitrary units; p = 0.0018). The immunostaining of islets in the pancreatectomized mice appeared weaker compared with those in nonpancreatectomized animals. This was true for both insulin and IAPP antisera and could be a result of degranulation of the ,B cells in response to the higher blood glucose levels in the pancreatectomized mice.
Obese Animals
The minimal effective dose of aurothioglucose, reported to be 0.3 mg/g body weight, was given to four transgenic females. This dose did not cause a significant weight gain over a period of 6 months compared with nontreated animals (3.4 ± 2.0 g versus 4.6 + 0.8 g). The transgenic animals that received 0.5 mg/g body weight of aurothioglucose showed a weight increase of 6.4 + 2 g, while the nontransgenic mice increased 9.1 ± 3.0 g. However, the animals in these two groups varied highly in weight gain, which was 12.3-21.4 g in three transgenic animals and 11.3 and 19.3 g in two nontransgenic animals. By both light and electron microscopy, the islets appeared normal in all aurothioglucose-treated animals. The immunogold labeling with the two IAPP antisera did not differ from nontreated transgenic and nontransgenic control animals.
Glucocorticosteroid-Treated Animals
Both transgenic and nontransgenic litter mates developed a severe and persistent hyperglycemia following cortisone acetate treatment. Blood glucose levels were significantly elevated by Day 60 in both groups (Table 1) . Further increases in blood glucose levels occurred beyond Day 60 in both transgenic and nontransgenic animals, but were only significantly higher than the Day 60 level in the transgenics. Changes symptomatic of this hyperglycemic state and effects of the corticosteroid, such as anorexia and diarrhea, also developed in both groups. Severe adrenal atrophy and intraperitoneal fat depletion were notable at necropsy. Nevertheless, the light and electron microscopic findings in the pancreatic islets of the transgenic animals did not differ from those in control animals.
Lack of Amyloid In Vivo Congo red-stained pancreatic sections from all animals discussed above were studied and no bonafida amyloid deposits were detected in the were precluded by the development of morbidity (no exogenous insulin was given to prolong the lives of these animals). Blood glucose levels were significantly elevated at the time of sacrifice in all animals studied (477 ± 18 mg/dl for hIAPP/ob mice and 486 ± 23 mg/dl for hIAPP/db mice). The hIAPP/ob and hIAPP/db mice developed the same morphological islet changes as those described for nontransgenic homozygous ob and db mice (30, 31) . Thus, the hIAPP/ob mice had an increased number of large islets, mainly due to 3-cell proliferation. In hIAPP/db mice, the clear demarcation zone between exocrine and endocrine pancreatic tissue was disrupted by ingrowth of exocrine tissue into the islets and the 3 cells were degranulated. No Congo red-positive material was found in the islets of any of these animals. The large vascularized islets seen in the hIAPP/ob mice showed strong IAPP reactivity after staining with human specific IAPP antiserum (A133) (Fig. 4) or with antiserum to mouse IAPP (Al O). The intensity in immunoreactivity in ,B cells in obese hIAPP/db mice varied between the two antisera and also differed between islets in the same pancreas (Fig. 5) . No amyloid fibrillar material could be found at the electron microscopic level in any of the animals (two islets studied in each of 17 ob/hIAPP and nine dbl hIAPP mice).
In Vitro Cultured Islets Since unknown host factors may have prevented the development of amyloid in vivo in the above experiments, the amyloidogenic potential in transgenic islets was examined in vitro. No histological differences were found between islets cultured in medium with only high glucose concentration and those cultured with the addition of growth hormone and/or dexamethasone for 7 days. In the L-16 transgenic mouse islets, the reactivity with the A133 antiserum was limited to the 13-cell granules and no reactivity was found elsewhere intracellularly. Small deposits of extracellular amyloid fibrils were found in all six batches of cultured islets from the hIAPPlob (Fig. 6 ) and hIAPP/db mice that had been cultivated in the presence of dexamethasone and/or growth hormone (Fig. 7) . The amyloid was mainly found in association with the plasma membrane of degenerating or dead ,B cells. The fibrils reacted strongly with both IAPP-antisera, confirming the presence of hIAPP. In humans, islet amyloid formation is clearly associated with type 2 diabetes (15, 17, 35) . Although the nature of this association has not been clarified, two factors are believed to be of importance: namely, the presence of an amyloidogenic IAPP sequence and high levels of IAPP expression (18) (19) (20) (21) (22) . We, therefore, wanted to study the effects of ",B-cell stress" on the possible formation of islet amyloid in mice expressing human IAPP. The increase in stress was achieved both directly, by removing 70% of the splenic and gastric pancreas, and indirectly, by treatment with glucocorticosteroids and by inducing hyperphagia and obesity. In spite of these manipulations, no amyloid deposits appeared in relatively long-term experiments, indicating that additional factors are probably necessary for islet amyloid formation in type 2 diabetes.
An interesting finding of the glucocorticosteroid treatment experiment, where blood glucose concentrations were followed at several time intervals, was that the hIAPP transgenic mice invariably had slightly lower values than the nontransgenic litter mates (Table 1) . Although these differences were not statistically significant, these data do not support the theory of a hyperglycemic effect of high IAPP plasma values (36) .
In human pancreas, the smallest and, therefore, probably the earliest amyloid deposits are found extracellularly, in close proximity to the 13 cells (35) , suggesting that the initiation of fibril formation occurs extracellularly (37) . There is, however, evidence of intralysosomal formation of amyloid fibrils in experimental AA amyloidosis (38) , and it has been proposed that islet amyloid formation may also take place intracellularly as a consequence of increased crinophagy (39) . In our experiments, inhibition of granule release by diazoxide administration was used to enhance intracellular granule retention and subsequent degradation via crinophagy. Although large aggregations of granule-containing lysosomal complexes were found in the 13 cells of the diazoxide-treated transgenic mice, no amyloid could be demonstrated either extra-or intracellularly. hIAPP-Positive extracellular material was observed, but it lacked the characteristic fibrillar appearance of amyloid.
The db/db and ob/ob mice are experimental mouse models of diabetes resembling diabetic syndromes in man and are both inherited as an autosomal recessive trait. In the ob/ob mice hyperinsulinemia is stimulated by hyperphagia and causes massive early-onset obesity. Insulin resistance occurs after prolonged hyperinsulinemia and involves both receptor and postreceptor defects. Increased numbers of enlarged islets filled with 1 cells can be seen histologically. The db/db mouse exhibits metabolic disturbances that resemble maturity onset diabetes mellitus in humans. The plasma insulin levels increase at an early age in association with hyperphagia, but later decline, and after 12 weeks, they are lower than those found in lean siblings. The db/db mouse is initially obese, but the decrease in insulin production causes weight loss as diabetes supravenes in older animals. There is no histological evidence of islet cell regeneration in the db/db mouse (40) . The border between acinar tissue and islets is indistinct and the 13 cells are degranulated. Because multiple factors are involved in the development of hyperphagia, obesity, and diabetes in these animal models, it was thought that the introduction of the human IAPP gene might indicate which factors lead to amyloid fibril formation. However, as in other in vivo experiments, amyloid was not detected at any time in the islets. Taken together, these experiments clearly indicate that the islet amyloid formation is not simply a consequence of a diabetic state or of IAPP overproduction.
We recently observed that isolated human islets transplanted under the kidney capsules of nude mice rapidly develop islet amyloid at high frequency, in both normoglycemic and hyperglycemic animals (41) . We therefore wanted to determine whether isolation of hIAPP transgenic islets from their normal milieu might trigger amyloid formation. Very interestingly, islets from ob/ob and db/db transgenic mice cultured in vitro at high glucose concentration and in the presence of glucocorticosteroid and/or growth hormone developed small hIAPP-positive amyloid deposits extracellularly. Similar findings were also recently reported by de Koning et al. (42) using islets from hIAPP transgenic mice cultured in vitro for 7 days at high glucose concentration. Thus, in both transplanted isolated normal human islets and in vitro cultivated hIAPP transgenic mouse islets, amyloid formation occurs only when the islets have been removed from their normal surroundings and circulation. At present, it is only possible to speculate about the mechanisms leading to amyloidogenesis under these conditions. It is possible that abolishing the blood supply is an important factor, which leads to diminished clearance of released IAPP. Novials et al. (43) also found increased contents of IAPP in in vitro cultivated islets, although they were not examined for amyloid formation. Furthermore, besides the main fibril protein, amyloid deposits consistently contain minor components, such as amyloid P-component and heparan sulphate proteoglycan (44) . Although the importance of these minor components in the formation of amyloid fibrils is poorly understood, it is possible that they facilitate fibril formation by acting as "pathological chaperones" (45) . Changes in the synthesis and metabolism of such components may take place in association with amyloidogenesis.
The finding that the amyloid deposits occurred in close association with degenerating or dead islet cells might also be important. It has recently been shown that synthetic amyloid-like IAPP fibrils are toxic to 1B cells in vitro, and a cytopathic role for amyloid deposits has been proposed (46) . Further studies will be necessary to clarify the relationship between various factors in the pathogenesis of diabetes.
